This study investigated the photocatalytic behavior of titanium dioxide (TiO2)-coated phosphorescent materials. Nanocrystalline TiO2 was directly deposited on the alkaline earth aluminate phosphor of CaAl2O4:Eu 2+ ,Nd 3+ by chemical vapor deposition (CVD) and its photocatalytic behavior was examined with the degradation of methylene blue (MB) aqueous solution under visible light irradiation. With increasing deposition temperature, the CVD TiO2 thin film exhibited a columnar structure and preferred crystal growth in the (112) orientation. The mechanism of the photocatalytic reactivity for the coupling of TiO2-phosphorescent materials was discussed in terms of the energy band structure and phosphorescence. The coupling of TiO2 with phosphor may result in energy band bending in the junction region, which rendered the TiO2 crystal at the interface photo-reactive under visible light irradiation. The CVD TiO2-coated phosphors showed active photocatalytic reaction under visible irradiation. In addition, the TiO2-coated phosphorescent materials were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Introduction
Titanium dioxide (TiO2) has been widely used as a photocatalyst for various applications such as the elimination of pollutants in air and water, water splitting, self-cleaning, and dyesensitized solar cell. For example, the nano-sized TiO2 oxidizes many organic compounds such as dioxins into harmless compounds of CO2 and H2O by irradiation with UV light. 1) However, TiO2 is a wide bandgap semiconductor (3.03 eV for rutile and 3.18 eV for anatase) that can only absorb about 3-5% of sunlight in the UV region, which greatly limits its practical applications. Two main research objectives for the application of TiO2 as a photocatalyst are (i) the improvement of the photocatalytic reactivity and (ii) the development of new photocatalysts capable of absorbing and working under visible light irradiation. The addition or doping of small amounts of noble metals such as Pt, Rd, Ag, and Au remarkably enhanced the photocatalytic reactivity of TiO2. The coupling of TiO2 with other inorganic oxides such as SiO2, SnO2, WO3, In2O3, (Sr,La)TiO3+δ, and ZnMn2O4 changed the photocatalytic efficiency and the energy range of photoexcitation.
2)-7) The implantation with various transition-metal ions such as V, Cr, Mn, Fe, and Ni accelerated by high voltage enabled a shift in the absorption band of the TiO2 catalysts toward the visible light region. 8) The Eu 2+ -doped solid-state materials usually show strong broad band luminescence with a short decay time in the order of some tens of nanoseconds.
9) The luminescence is very strongly dependent on the host lattice and can occur from the ultraviolet to the red region of the electromagnetic spectrum. The longlasting characteristic of alkaline earth aluminate phosphors has attracted considerable attention for their potential applications in such fields as luminous paint, safety indicators in emergency cases, electronic instrument dial pads, lighting apparatus and switches, automobile dials and panels, writing and printing inks, and plasma display phosphors. In chemical vapor deposition (CVD), a substrate is exposed to a single or multi-component volatile precursor (in gaseous phase) in an inert atmosphere at controlled high temperature and pressure. These volatile precursors will either react or decompose onto the surface of the substrate, creating the desired, deposited thin-film material. The CVD of TiO2 is usually carried out through the reaction of titanium tetrachloride (TiCl4) with oxygen, or through the thermal reaction of a titanium alkoxide such as Ti (OPri)4 and TTIP. Djerdja et al. 12) reported nanocrystalline TiO2 films by CVD on different substrates at the relatively low temperature of 320°C using TiCl4 as a precursor and found that the nature of substrates influenced the size and distribution of the nanograins in the films. The best photocatalytic reaction rate has been reported to be achieved with CVD-deposited TiO2 films, which have a preferred orientation with a columnar structure for the formation of a larger surface area for dissociative reaction. 13 ), 14) In this study, a phosphorescent material (CaAl2O4:Eu 2+ ,Nd 3+ ) was coated with TiO2 by CVD using titanium (IV) isopropoxide (TTIP, Ti[OCH(CH3)2]4) as a precursor and its photocatalytic behavior was investigated in terms of the photobleaching of methylene blue (MB) aqueous solution.
Experimental
Nanocrystalline TiO2 thin films were deposited on the phosphor substrate (CaAl2O4:Eu 2+ ,Nd 3+ ) by a low-pressure CVD (LPCVD) system, as shown in Fig. 1 . TTIP (99.99%) and oxygen gas were used as the precursor and reaction gas for deposition, respectively. Argon gas was used as a carrier gas for TTIP with a flow rate of 125 sccm. The LPCVD reactor was built as a showerhead type. The liquid precursor was kept at 60°C in a bubbler placed in a heating jacket in order to ensure even temperature distribution. The deposition temperature was varied from 300°C to 500°C and the pressure maintained at 133Pa. The flow rate was controlled with a mass flow controller.
The phosphor substrate used for this study was prepared by a conventional sintering process using raw materials of CaO(99.9%), Al2O3(99.99%), Eu2O3(99.99%) and Nd2O3(99.99%) with a molar ratio of 0.97:1.0:0.005:0.01. A small amount of B2O3 (0.07 mol) was added to the mixed powders as a flux. Finally, the powders were heated at 1400°C for 3 h in the reducing atmosphere of Ar-5%H2 gas. The sintering process has been described in detail elsewhere. 15) In order to make the phosphor substrate, phosphor powders were wet mixed in acetone medium with the addition of 3% polyvinyl alcohol binder solution by using a ball mill. After drying the mixture, the pellets of 15 mm diameter (Φ) and 2 mm thickness (t) were prepared by pressing at 500 MPa in a mold die and sintering in a muffle furnace for 2 h at 1200°C.
The photocatalytic behavior of the CVD TiO2-coated phosphors was evaluated by the photobleaching of MB aqueous solution containing the sample. A 1.6 × 10 5 mol/cm 3 MB aqueous solution (100 ml) with a maximum absorbance at approximately 664 nm of between 1.20 and 1.40 was prepared. After 1 min, the aqueous solution was irradiated above with a 100 W white light lamp (Sylvania incandescent lamp). A UV-light cut-off lens (Edmund Optics) was inserted just below the light lamp to filter the UV-light of wavelength (λ) less than 400 nm. After a predetermined time, 5 ml of the solution was aspirated for optical absorption test. The optical absorption spectrum for the supernatant solution was recorded using a UV/Vis spectrophotometer (UV-1601, Shimadzu). The morphology and crystal structure of the CVD TiO2 thin films were characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD). Figure 2 shows a typical SEM surface morphology of the CVD TiO2-film coated on a alumina substrate and deposited at 500°C for 10 min. The crystal structure at the surface was densely packed and prismatic-shaped. Figure 3 shows the cross-sectional images of TiO2-films. The microstructure and morphology were affected by the deposition temperature. At deposition temperatures of 300°C and 350°C, relatively densely packed grains were grown, whereas columnar grains with distinct boundaries were grown above 400°C. The film thickness increased with increasing deposition temperature from 0.4 μm at 300°C to 0.7 μm at 500°C. Figure 4 shows the variation of XRD patterns of the CVD TiO2-film deposited on the glass substrate over the deposition temperature range from 320 to 380°C. The film thickness was typically about 100 nm. The matching of the observed and standard 'd' values (JCPDS 21-1272) confirmed that only anatasephase diffraction peaks were evident without any peaks of a rutile phase. In all the XRD spectra, the diffraction peaks correspond to the (101), (112), (200) and (211) ) under the visible-light irradiation of a 100 W white light lamp with a UV-light filter. The characteristic absorption peak around 664 nm was decreased and slightly shifted toward a shorter wavelength with increasing irradiation time, and finally the solution became colorless. This decreased absorption peak at 664 nm reflects the photo-degradation of MB by the TiO2 photocatalyst and is used to indicate the degree of photocatalytic activity. Figure 6 shows the variations in maximum absorbance between 600 and 664 nm of the MB aqueous solution sensitized using the CVD TiO2-coated phosphor (CaAl2O4:Eu 2+ ,Nd 3+ )
Results and discussions
under the visible light irradiation of a 100-W white light lamp with a UV-light cut-off lens. The absorbance decreased gradually under visible light irradiation with increasing irradiation time, indicating that the MB solution underwent photocatalytic degradation induced by the CVD TiO2-coated phosphor. For comparison, the absorbance variation for pure TiO2 (Degussa, P-25) was superimposed and showed little photocatalytic degradation of MB solution under visible light irradiation. The mechanism of the photocatalytic reaction for the TiO2-coated phosphors is determined by two factors. First, the coupling of TiO2 with phosphors having different Fermi levels yields energy band bending at the junction and shifts the absorption band of the TiO2 toward the visible light region. 16) Thus, the TiO2-coated phosphor particles increase the electron-hole separation, which enhances the photocatalytic reaction under the visible irradiation. Second, the emitted light from phosphors enables the photo-generation of electron-hole pairs in the TiO2-coated phosphor. Figure 7 shows the emission spectra of the TiO2-coated phosphor, CaAl2O4:Eu
, compared with that of pure phosphor. The emission intensity of the phosphor decreased with the coating of TiO2, but remained above a half of the initial intensity, which was sufficient to activate the TiO2 phase at the interface between TiO2 and phosphor. Similar results were observed by Zhang et al. 17) on the photocatalytic reaction for the multilayered structure of TiO2-glass-phosphor in the darkness. They concluded that the TiO2 photocatalyst absorbed lights ) and pure TiO2 (P-25, Degussa) under the visible light irradiation. Fig. 7 . Emission spectra of the CVD TiO2-coated and pure phosphors (CaAl2O4:Eu 2+ ,Nd 3+ ). The thickness of TiO2-coated layer was about 100 nm.
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emitted from phosphors and remained photo-reactive in the darkness.
Conclusions
TiO2 thin films were coated on a phosphor substrate of CaAl2O4:Eu 2+ ,Nd 3+ using LPCVD. The results of the photocatalytic reaction under visible light irradiation are summarized as follows:
(1) As the deposition temperature was increased from 300 to 500°C, the CVD TiO2 thin film deposited on phosphor substrates exhibited a columnar structure and crystal growth with a (112)-preferred orientation.
(2) The CVD TiO 2 -coated phosphor showed photocatalytic degradation of MB solution under visible light irradiation.
(3) The coupling of TiO 2 with phosphor may result in energy band bending in the junction region, which renders the TiO2 crystal at the interface photo-reactive under visible light irradiation.
(4) The emitted light from the phosphors may contribute to the photo-generation of electron-hole pairs in the CVD TiO2-coated phosphors, thereby enhancing the photocatalytic reactivity of TiO2.
